Experimental Design

144
Experiments were conducted at the Great Lakes Laboratory for Fisheries and Aquatic 145 Sciences in Burlington, Ontario, Canada, during winter and summer seasons using natural 146 freshwater phytoplankton communities collected from Hamilton Harbour (Lake Ontario). Six 147 experiments were conducted in triplicate for each season, beginning on separate days, with 148 independent in situ environmental conditions (Table 1) . Treatment consisted of seven free 149 chlorine concentrations (ranging 0.02 -5.0 ppm), and a control (0.0 ppm). Free chlorine, as well 150 as phytoplankton abundance and photosynthetic efficiency, were measured before and up to 48 151 hours after initial chlorine application. For summer experiments, phytoplankton collected from 152 22 °C harbour water were exposed to free chlorine concentrations at 22 °C ± 0.5 and 2 °C ± 0.5, 153 whereas winter experiments collected phytoplankton from 2 °C harbour water and experiments 154 were conducted at 2 °C ± 0.5 and 18 °C ± 0.5. The range between low and high temperatures 155 during winter was reduced to avoid mortality of cells, since winter plankton is more sensitive to . Briefly, 100 mL of sample water were preserved with Lugol's Acid 175 and a total volume of 50 mL was put in a settling column for 24 hours following the Utermöhl 176 technique (Utermöhl, 1958) , and intact cells counted using a Nikon AZ100 inverted microscope. (Table A1) was 215 calculated as follows:
Where A represents the mean abundance of cells mL -1 for a given free chlorine 218 concentration at time (t) and C represents the abundances of cells mL -1 in the controls at time (t). 262 Some free chlorine (less than 0.5 ppm) remained after 48 hours during winter testing ( Fig. 1) ,
263 while free chlorine concentration typically decreased to 0 ppm during summer testing, there was 264 significant chlorine still present at 22 °C in the 5 ppm group (Fig. 2) . 279 samples had significantly lower abundances than control samples (β = -4.39, SE = 0.50, 280 P < 0.001) at all time points (0 to 48 hours), at both temperatures, for all tests. Up to 25 % 281 mortality was observed in controls with a significant decrease in phytoplankton abundance for 282 both control and treated samples across time (β = -3.13, SE = 0.21, P < 0.001), however the 283 decrease was three times higher for treated samples (β = -5.24, SE = 0.18, P < 0.001).
284
The rate of mortality was typically steeper at the lower experimental temperature, with 285 percent mortality being, on average, 18 % higher after 1 hour of exposure for tests conducted at Table 3 ). The increased 298 efficacy of higher concentrations of chlorine treatment was slightly reduced in the winter at low 299 temperatures (β = 0.27, SE = 0.14, P < 0.05).
Measurements of photosynthetic efficiency were typically higher at the lower 303 experimental temperature but lower during the winter testing. During winter tests, photosynthetic 304 efficiency measurements of phytoplankton maintained at 2 °C were significantly higher (t-test, D r a f t 324 but remain above the threshold value), these results suggest that the timeframe to achieve full 325 toxic effect of chlorine may be extended when applied during the winter season. Interestingly, 326 higher phytoplankton mortality was observed under free chlorine exposure at lower temperatures 327 for both cells collected during the winter and summer. In all, our results suggest that chlorine 328 application may be most effective when applied at ambient temperature, and that higher doses or 329 longer exposure times may be required during winter to achieve full treatment effect.
330
The degradation of chlorine was more rapid at higher free chlorine concentrations during 331 summer tests compared to winter tests, but we found no consistent effect of temperature during 332 this study. The degradation of chlorine, particularly for nominal concentrations lower than 333 1.2 ppm, was similar at both temperatures. Free chlorine concentrations at 2.2 and 3 ppm showed 334 a slower decay curve during winter compared to summer (regardless of temperature), while free 358 season, the observed differences in decay rate will be most informative for treatment applications 359 by ships undertaking short voyages.
360
The reduction in phytoplankton abundance between control samples and treated samples 361 was significantly different, demonstrating a strong biocidal effect of chlorine within 48 hours. 
